Plug conveying receives attention due to its advantages such as low particle attrition, low pipeline wear, and low energy consumption. Based on the background of pneumatic transportation of absorber spheres in the small absorber sphere system of pebble bed HTGR, a novel non-mechanical feeder for plug formation of coarse particles has been proposed in our previous work. We further investigate the pressure fluctuation instability in the vertical plug formation of coarse particles with the non-mechanical feeder. Experiments for plug formation are conducted with glass beads of three kinds of particle diameter (dp = 6, 4, and 2 mm). The results show that micro-scale instabilities along with macro-scale instabilities are observed for the pressure fluctuations of feeder gas inlet in the vertical plug formation for the three particle diameters. It is interesting to find that the micro-scale instabilities decrease first and then increase with superficial gas velocity increasing for dp = 6 and 4 mm glass beads, respectively. The present study provides a further understanding of the pressure fluctuation instabilities in vertical plug formation of coarse particles with the non-mechanical feeder, which can contribute for on-line monitoring and operation optimization of dense-phase gas-solid flows with coarse particles.
Introduction
Pneumatic conveying has been used for many years in industrial practice for the transportation of granular materials from one place to another place (Klinzing et al., 2011) . Based on the flow regimes involved, pneumatic conveying can generally be classified into two modes: dense-phase conveying and dilute-phase conveying modes.
High-temperature gas-cooled reactor (HTGR or HTR) is a Generation IV advanced nuclear reactor, which has advantages such as inherent safety features, high efficiency, and high-temperature heat utilization (Zhang et al., 2006 (Zhang et al., , 2009 Locatelli et al., 2013) . Pneumatic transportation of absorber spheres is a special application of pneumatic conveying technique in the small absorber sphere system of a pebble bed HTGR (Zhou et al., 2002; Wu and Zhang, 2004) . Figure 1 shows the schematic diagram of one unit of the small absorber sphere system . It mainly consists of a particular pneumatic conveying system with a  reproduced with permission © Elsevier B.V. 2017). spheres in the storage bin drop into the reflector boring by its own gravity. The absorber spheres packing in the side reflector boring can absorb neutrons originated from the fuel element of the pebble bed. When the reactor needs to startup, the absorber spheres in the reflector boring need to be transported back to the storage bin (Zhou et al., 2002; Zhang et al., 2009 Zhang et al., , 2016b .
The main features of the absorber sphere conveying system are as follows : (a) coarse particles (e.g., particle diameter dp = 6 mm), (b) small ratio of riser internal diameter to particle diameter (D t /d p ) in the range of 6-10, (c) high-pressure helium gas used as conveying gas, and (d) high-temperature environment for feeder operation (~250 °C, requires non-mechanical feeder for high reliability). It is important to reduce particle attrition of absorber spheres during the conveying process in pebble-bed HTGR to decrease maintenance costs.
Plug conveying receives continuous interests in recent years, due to the advantages of low particle attrition, low pipeline wear, and low energy consumption (Konrad, 1986; Rawat and Kalman, 2017) . As summarized in our previous work , previous studies on plug conveying mainly focused on pressure drop (e.g., Tsuji and Asano, 1990; Pan and Wypych, 1997; Shaul and Kalman, 2015; Kofu, 2016) , stress and friction force (e.g., Tsuji et al., 1992; Mi and Wypych, 1995; Pahk et al., 2013; Shaul and Kalman, 2014; Nied et al., 2017) , plug motion behavior (e.g., Strauβ et al., 2006; Sturm et al., 2010; Lecreps et al., 2014; Rawat and Kalman, 2017) , and transport boundaries (e.g., Wypych and Yi, 2003; Setia et al., 2015) , with little attention paid to the process of plug formation.
A novel non-mechanical feeder, named as the draft tube type feeder (DTF), has been proposed for plug formation and vertical conveying of coarse particles in our previous work (Zhang et al., 2016a) , which might be used to decrease particle attrition in vertical conveying of absorber spheres in the pebble-bed HTGR. The concept of the DTF is based on the combination of draft tube technique and the local fluidization principle. Particles in the feeder are entrained into the riser inlet for vertical conveying by a downward gas stream through a draft tube. In our previous work, plug formation characteristics of a DTF were preliminarily investigated by experiments with dp = 4 mm glass beads, in which the plug flow pattern, solid mass flow rate, pressure fluctuation, and plug length were considered (Zhang et al., 2016a) . Detailed particle motion behaviors and plug formation mechanisms in a DTF with dp = 6 mm glass beads were investigated by CFD-DEM (Computational Fluid Dynamics-Discrete Element Method) coupling simulation . The influence of particle diameter (d p = 6, 4, and 2 mm, glass beads) and relative entrainment height on the gas-solid flow behavior during plug formation were investigated by experiments . It should be pointed out that the pressure fluctuation instabilities in the vertical plug formation of coarse particles were only preliminarily introduced in our previous work (Zhang et al., 2016a; Li et al., 2018) . In this study, we further analyze the detailed characteristics and the origin of the pressure fluctuation instabilities, with an emphasis on the microscale instabilities.
Plug flow can be regarded as a kind of density waves of granular materials, from the viewpoint of flow instability. Previous work on flow instability in industrial gas-solid flow mainly focused on the clustering instability (Goldhirsch and Zanetti, 1993; Agrawal et al., 2001; Cahyadi et al., 2017; Fullmer and Hrenya, 2017; Ge et al., 2017) of Geldart group-A particles (e.g., FCC (Fluid Catalytic Cracking) particles) in risers of circulating fluidized bed reactor, and the bubbling instability (Sundaresan, 2003; Xiang et al., 2017) of Geldart group-B particles in bubbling fluidized beds. Pressure fluctuations are often chosen to characterize fluid dynamics of gas-solid flows, since they can easily be measured even under industrial harsh conditions. There have been a few comprehensive reviews on pressure fluctuations in gas-solid fluidized beds. Sasic et al. (2007) reviewed the procedures for investigating fluid-dynamic features of gas-solid fluidized beds using pressure fluctuations as obtained from modeling or experiments. Bi (2007) reviewed the complex pressure fluctuation phenomenon in gas-solid fluidized beds, and tried to elucidate the underline mechanisms. Johnsson et al. (2000) and van Ommen et al. (2011) reviewed methods for time-series analysis for characterization of fluidization regimes of gas-solid fluidized beds by pressure fluctuations. However, little attention is given to pressure fluctuation instability in the dense-phase gas-solid flow of Geldart group-D coarse particles.
The main object of this study is to make a better understanding of the pressure fluctuation instabilities in vertical plug formation of coarse particles with the draft tube type feeder. Section 2 describes the experimental setup and procedures. In Section 3, we introduce the detailed characteristics of the pressure fluctuation instabilities, explore the origin of the micro-scale instabilities, and analyze the influence of superficial gas velocity on the dominant frequency of differential pressure fluctuations. Conclusions are given in the last section. Figure 2 shows the schematic diagram of the experimental setup. It has been used to investigate vertical plug formation of coarse particles in our previous work . Detailed introduction of the experimental system can be found in that work. Only a brief description is given here. Ambient air is filtrated and blown by the Roots blower to supply gas stream for plug formation. The gas flow rate may be adjusted by the electric control valves and bypass pipeline. The gas pressure, temperature, and volumetric flow rate before the feeder gas inlet are measured and recorded in a computer by a data acquisition system with a sampling interval of 0.5 s. The superficial gas velocity in the riser (u g ) is converted to 101,325 Pa and 20 °C. Another high-frequency data acquisition system is used to measure the gauge pressure at feeder gas inlet (p 1 ) and near the middle of the riser (p 2 ) with a sampling frequency of 2500 Hz for each channel. The high-frequency pressure fluctuations are measured through a 30 mm long and 4 mm I.D. PVC tube, which minimizes the distortion of the pressure signal (van Ommen et al., 1999) . The sampling time is usually 10 s in each run.
Experimental

Experimental apparatus
The draft tube type feeder is mainly made of plexiglass for visualization. The internal diameter of the riser pipe (D r ) is 50 mm. To investigate the effect of relative entrainment height (Δh = h -H) on DTF performance for plug formation, three values of H at 120, 100, and 80 mm (denoted as H120, H100, and H80, respectively) are considered with h fixed at 150 mm. The riser pipe consists of two parts. A screw connection is designed to adjust the depth H by changing the lower part of the riser pipe, while the upper part of the riser pipe is identical (0.5 m long). The length of the riser pipe (H r ) is 0.93, 0.95, and 0.97 m, respectively.
The particles used in the experiments are smooth glass beads, with particle diameter d p = 6, 4, and 2 mm, respectively. The particle density is 2503 kg/m 3 for the three particle diameters. The total mass of the glass beads in each loading is ~42 kg. Particles discharge from an air-tight hopper through a discharge pipe (internal diameter D = 60 mm) into the DTF. Other main geometry parameters of the experimental setup are also given in Fig. 2 . Images of plug flow at the upper section of the riser are recorded by a highspeed CCD (charge-coupled device) camera with 1000 fps for image analysis. For convenience, the symbol "dpX-HY" is used to represent the run with the particle diameter of X (in mm) and the relative entrainment height H of Y (in mm) in this study.
PSD analysis
Power spectral density (PSD) analysis by using the Fast Fourier Transform (FFT) has been used to characterize the dominant frequency (F d ) of the pressure fluctuations for plug formation in the previous work (Zhang et al., 2016a; Li et al., 2018) . The Welch method (Welch, 1967; Johnsson et al., 2000) of power spectrum density estimation is used to characterize frequency distribution of the pressure fluctuations in this study.
In the Welch method, the time series is evenly divided into several segments, allowing overlap between adjacent X. Z. Diao, H. Yan, T. J. Li, et al. 82 segments. With each segment windowed by a window function to reduce spectrum leakage, the power spectrum is estimated for each segment. The power spectrum of the time series is estimated by averaging the sub-spectra of all segments to reduce the corresponding variance. The MATLAB © (Version R2015b) function "pwelch" is used in this work. The segment length is 8192 data points with an overlap of 50% and a frequency resolution of 0.076 Hz. The default Hamming window is used as the window function.
Results and discussion
3.1 Typical pressure fluctuations Figure 3 shows the typical result of p1 fluctuations at different u g with dp6-H100 as an example. It is found that the p 1 fluctuations in the vertical plug formation of coarse particles show the features of micro-scale instabilities along with the macro-scale instabilities, with the detailed characteristics affected by the superficial gas velocity. The macro-scale instabilities are observed in all the runs considered, mainly owing to the intermittent nature of the plug motion. The micro-scale instabilities with relatively weak but fast fluctuations of p1 are observed at low u g of 4.44 m/s ( Fig. 3(a) ) and 4.99 m/s ( Fig. 3(b) ). With u g increasing, the probability of the micro-scale instabilities seems to decrease (see Fig. 3 (c) for u g = 5.49 m/s or Fig. 3(d) for u g = 6.17 m/s). Obvious decrease of micro-scale instabilities is observed at u g = 7.09 m/s ( Fig. 3(e) ) and 8.33 m/s ( Fig. 3(f) ). With u g further increasing, an obvious increase of the micro-scale instabilities appears at u g = 9.79 m/s ( Fig. 3(g) ). Although the gas-solid flow is already in the transition regime from plug flow to dilute flow according to the previous work of flow pattern transition , the micro-scale instabilities are also observed at ug = 12.21 m/s ( Fig. 3(h) ). In this transition regime, particle plug in the riser pipe gradually disperses to particle cloud with lower particle concentration, resulting in a decrease of macro-scale instabilities.
Note that the macro-scale and micro-scale instabilities for p1 fluctuations were only preliminarily introduced in our previous work (Zhang et al., 2016a; Li et al., 2018) . The effect of u g on the instabilities is not reported in those works. It can be concluded from the experimental results that the micro-scale instabilities along with macro-scale instabilities are observed for all the three particle diameters. For d p = 6 or 4 mm glass beads, with u g increasing, an obvious decrease of micro-scale instabilities is observed first, then an obvious increase of micro-scale instabilities appears, even with different relative entrainment height. As for d p = 2 mm glass beads, due to the limitation of gas flow measurement in the experiments, the influence of u g on the micro-scale instabilities is not established. Figure 4 displays some typical local enlargement of p 1 fluctuations with dp6-H100 to show the details of the micro-scale instabilities. It notes that the characteristic fluctuation range is approximately the maximum and minimum one for each run. We find four major features of the micro-scale instabilities. One feature is the coexistence of almost regular and non-regular fluctuations in the same run, such as those shown in Fig. 4(a) for u g = 4.44 m/s and Fig. 4(b) for u g = 8.33 m/s, respectively. Another feature is the coexistence of almost regular fluctuations with different fluctuation range (see Fig. 4 (c) for u g = 9.79 m/s). The third feature is the dominance of the almost regular fluctuations in a run (see Fig. 4(d) for u g = 12.21 m/s). The fourth feature is the decrease of the maximum fluctuation range of the regular fluctuations with u g increasing. For example, the maximum fluctuation range of the regular fluctuations at u g = 4.44 m/s ( Fig. 4(a) , t 0 = 7 s) is about 0.45 kPa, while the maximum fluctuation range at u g = 8.33 m/s ( Fig. 4(b) , t 0 = 0.36 s) is about 0.15 kPa. The results reveal that both the probability (Fig. 3(e) ) and the amplitude of p 1 fluctuations decrease with u g increasing from 4.44 to 7.09 m/s. It can be inferred from these features that the mechanisms of the complex micro-scale instabilities might be different which is strongly affected by the superficial gas velocity. It seems that there might be at least two mechanisms that control the micro-scale instabilities, which respectively result in the almost regular and non-regular fluctuations shown in Fig. 4 .
It notes that the micro-scale instabilities are not observed for the fluctuations of p 2 in the experiments. The results reveal that the flow above the pressure tap p 2 does not contribute to the micro-scale instabilities, but only contributes to the macro-scale instabilities. A typical result of p 2 fluctuations with dp6-H100 at u g = 5.49 m/s is shown in Fig. 5(a) . One can see that only the macro-scale instabilities are observed. As introduced in the previous study , a strong inherent relation is found between the fluctuations of p 2 and the plug motion behavior above this pressure tap, with p 2 increases (decreases) rapidly when a plug enters into (leaves out of ) the measurement section of the rise pipe. Figure 5(b) shows the typical pressure fluctuations of the differential pressure between the pressure tap 1 and 2 (Δp 21 = p 1p 2 ) for dp6-H100 at u g = 5.49 m/s. One can see that the micro-scale instabilities are observed for Δp 21 fluctuations. The shape of Δp 21 fluctuations seems like that of p 2 fluctuations. It is inferred that the natural plug formation in the riser pipe is usually achieved under the pressure tap p 2 , which is in accordance with the image observation from the high-speed CCD camera. Based on the Δp 21 fluctuations for all the runs in this study, it is established that the micro-scale instabilities are attributed to the complex gas-solid flow between these two pressure taps. We will further analyze the origin of the micro-scale instabilities and the dominant frequency of Δp 21 fluctuations in the following sections.
Wavelet analysis (Mallat, 1989 ) has a good feature of localization and multi-resolution in both time and frequency domains. It has been widely used for multi-resolution analysis of the pressure fluctuations in gas-solid fluidized beds (see, e.g., Lu and Li, 1999; Ellis et al., 2003; Zhao and Yang, 2003; Wu et al., 2007; Llop and Gascons, 2018; Wu et al., 2019) . It has also been used in pneumatic conveying of bulk materials (Li, 2002; Cong et al., 2013) . We will further analysis the micro-scale instabilities of pressure fluctuations by wavelet analysis. The results will be reported elsewhere.
Origin of the micro-scale instabilities
In this section, we examine the contribution to the microscale instabilities of p 1 fluctuations from background noise without gas flow at first. Then we check the pressure fluctuations with pure gas flow (no particles added), and compare them with that in the gas-solid flow. The origin of the micro-scale instabilities is analyzed, and plausible mechanisms for the micro-scale instabilities are discussed at last. Figure 6 shows a typical result of the background noise (without gas flow) for the pressure sensors and high-frequency data acquisition system. It can be seen that the noise is random and negligible, with an average variation range of only ~0.02 kPa for p 1 . The inset of Fig. 6 illustrates a typical local enlargement of the background noise. These results indicate that the contribution from the measurement error of the pressure sensors or from the high-frequency data acquisition system is negligible to the micro-scale instabilities of p 1 fluctuations. Fig. 6 Typical result of the background noise (without gas flow) of the pressure sensors and high-frequency data acquisition system for p1. The inset illustrates a typical local enlargement for the time in the range of 0-0.05 s. Figure 7(a) illustrates the typical result of the pressure fluctuations with pure gas flow (no particles added) at u g = 8.53 m/s with H = 120 mm. It can be seen that the p 1 fluctuations are almost regular, with a fluctuation range of ~0.35 kPa. Almost regular fluctuations of p 1 are also observed for the gas flow at u g = 13.25 m/s (Fig. 7(b) ), with a similar fluctuation range and an increased fluctuation frequency respectively to those of u g = 8.53 m/s. The fluctuations of p 2 are weak ( Figs. 7(a) and 7(b) ), owing to the low flow resistance. Figure 7 (c) displays the flow resistance of the feeder. The average p 1 increases from 0.29 to 0.73 kPa, with u g increasing from 8.53 to 13.25 m/s. By estimating the flow resistance coefficient (ξ) with the average p 1 for each u g , the average flow resistance coefficient of the feeder is estimated to be 7.0. Compared with pure gas flow, it is found that the adding of coarse particles into the feeder may inhibit or enhance the fluctuations of p 1 . Obvious inhibition of p 1 fluctuations is observed at u g = 8.33 m/s with particles for t 0 = 2.95 s in Fig. 4(b) , when compared with a similar u g of 8.53 m/s with pure gas flow (Fig. 7(a) ). It should be pointed out that the gas stream always flows through the complex geometry with a sudden change of flow direction after the gas inlet of the feeder, which might result in similar fluctuations if this complex geometry is a major contribution to the almost regular fluctuations with pure gas flow. However, the fast fluctuations of p 1 completely disappear for t 0 = 2.95 s in Fig. 4(b) , indicating that this complex geometry should not be the main reason for the almost regular fluctuations with pure gas flow. Considering the geometry of the feeder, the expansion and sudden change of flow direction near the riser inlet should be the main reason. Compared with a similar u g of 13.25 m/s with pure gas flow ( Fig. 7(b) ), it is observed that, although it is in the transition regime, an obvious enhancement of p 1 fluctuations is still observed for u g = 12.21 m/s in the gas-solid flow ( Fig. 4(d) ).
The detailed mechanism remains unclear for the inhibition and enhancement of p 1 fluctuations after adding of coarse particles into the feeder. As introduced in the previous work (Zhang et al., 2016a) , it might be attributed to the complicated evolution process of a plug formation from a particle cloud in the bottom of the riser. The evolution of porosity and length of the particle cloud with strong particles collision might play important roles for these weak but fast fluctuations of p 1 . Previous CFD-DEM simulation results for vertical plug formation of 6 mm glass beads with H = 120 mm showed that, the particle motion in feeder container can be identified to be five zones, which was named as the local fluidization core zone, the transition zone, the downward entrainment zone, the granular flow dominant zone, and the stagnation zone. Furthermore, the flow pattern with an obvious cone shape particle dune was found below the riser inlet in that work. This particle dune results in a non-uniform distribution of gas velocity at the riser inlet, with a larger gas velocity near the riser internal wall. It may be inferred from these previous results that the characteristics of the micro-scale instabilities, as shown in Fig. 3 , should be mainly attributed to the complex gas-solid flow around the riser inlet and in the bottom section of the riser pipe.
The micro-scale instability of p 1 fluctuations for plug formation can be regarded as a dynamic response of the coupling between two successive effects, i.e., the particle bed agitated by a downward drafted gas stream and the growth of particle cloud to form a plug in a vertical pipe. It is assumed that the existence of a particle bed near the bottom of the riser inlet may inhibit or enhance the fluctuations of p 1 . The overall effect should be affected by the superficial gas velocity which will influence the particle flow dynamics around the particle bed. The inhibition of p 1 fluctuations with adding of coarse particles (see, e.g., t 0 = 2.95 s in Fig. 4(b) ), might be attributed to the existence of a steady bypass flow above the particle bed near the bottom of the riser inlet at a moderate superficial gas velocity. We must admit that the latter effect, i.e., the growth of particle cloud to form a plug in the bottom section of the riser pipe, might also inhibit or enhance the fluctuations of p 1 . It is difficult to accurately distinguish the contributions from these two effects to the micro-scale instability of p 1 fluctuations. Further work is needed here to make a comprehensive understanding of the dynamic response of these two effects. Figure 8 shows the comparing for the dominant frequency F d of p 2 and Δp 21 fluctuations at five different sampling time segments with dp4-H120 at u g = 5.32 m/s. One can see that the dominant frequency of p 2 and Δp 21 fluctuations are the same for each time segment, only with a slight difference within the frequency resolution in the time segments of 30-40 s and 40-50 s, respectively. As for the different time segments, only the dominant frequency of Δp 21 fluctuations in the time segment of 30-40 s slightly exceeds the accuracy of the frequency resolution. These results demonstrate that the time segment of 10 s is applicable for the analysis of dominant frequency. PSD analysis of Δp 21 fluctuations should be acceptable for the dominant frequency of the plug formation.
Dominant frequency
We compare the results of the dominant frequency from the FFT method and the Welch method by using the same frequency resolution of 0.076 Hz. It is found that the dominant frequency is the same for each run considered in this study, only with a slight variation within the frequency Fig. 8 Comparing for the dominant frequency of p2 and Δp21 fluctuations at different sampling time segments (dp = 4 mm, H = 120 mm, ug = 5.32 m/s). resolution for some runs. The PSD analysis results from the Welch method are smoother compared with that of the FFT method, owing to an averaging effect in the former method. Figure 9 displays the PSD analysis of p 2 and Δp 21 fluctuations at different u g with dp6-H100. It can be seen that the dominant frequencies of p 2 and Δp 21 fluctuations are also the same for each u g , with an exception for u g = 12.21 m/s which is in the transition regime. The dominant frequency is 928 Hz for Δp 21 fluctuations at u g = 12.21 m/s ( Fig. 9(h) ). For pure gas flow, by linear interpolation of the dominant frequency results (not shown), the dominant frequency is estimated to be 908 Hz at u g = 12.21 m/s. It can be inferred that the dominant frequency for Δp 21 fluctuations with u g = 12.21 m/s should be mainly related to the high-frequency fluctuations with pure gas flow. The frequency of macro-scale motion of plug and/or particle cloud in the riser pipe is low (usually below 5 Hz). Note that the dominant frequency for macro-scale instabilities of Δp 21 fluctuations remains the same as that of p 2 fluctuations. The shapes of the PSD distribution are typical plug flow, with a main peak at low frequency and usually accompanied by other sub-peak(s). With u g increasing from 4.44 to 12.21 m/s, the power of the main peak increases first and then decreases, owing to the gradual transition from near the low limit of plug flow regime into the transition regime.
In our previous work , the linear increase of the dominant frequency of p 2 fluctuations with the superficial gas velocity was found respectively for d p = 6 and 4 mm, even with the three different relative entrainment heights. We analyze the influence of u g on the dominant frequency of Δp 21 fluctuations for the three kinds of particle diameters with different relative entrainment height. The results are shown in Fig. 10 .
As can be seen from Fig. 10 , for d p = 6, 4, and 2 mm respectively, the dominant frequency of Δp 21 fluctuations increases linearly with u g , even with different relative entrainment height. As the particle diameter increases, the dominant frequency at the same u g seems to decrease, owing to larger inertia of the particles. It should be pointed out that the dominant frequencies of p 2 and Δp 21 fluctuations are the same (within the frequency resolution) for each of the run shown in Fig. 10 , with only two exceptions for dp6-H100 at u g = 12.21 m/s and dp6-H120 at u g = 12.31 m/s. These two runs are already within the transition regime. Therefore, the dominant frequencies for these two runs used in Fig. 10 are the sub-dominant frequency, i.e., the dominant frequency for the plug motion which is below 5 Hz. Note that these two sub-dominant frequencies are respectively the same with the dominant frequency of p 2 fluctuations. These results reveal that the propagating of macro-scale instabilities of pressure fluctuations along the riser demonstrates the same dominant frequency.
Conclusions
Experiments are conducted to investigate the pressure fluctuation instabilities in vertical plug formation of coarse particles with a non-mechanical feeder. Three kinds of glass beads are considered with the particle diameter of 6, 4, and 2 mm. The results are given as follows.
(1) The micro-scale instabilities along with macro-scale instabilities are observed for p 1 fluctuations in vertical plug formation for the three particle diameters. It is interesting to find that, for d p = 6 and 4 mm respectively, an obvious decrease of micro-scale instabilities is observed at moderate superficial gas velocity first, then an obvious increase of micro-scale instabilities appears with u g further increasing, even with different relative entrainment height.
(2) The almost regular fluctuations with pure gas flow should mainly be attributed to the expansion and sudden change of gas flow direction near the riser inlet. Compared with pure gas flow, the adding of coarse particles into the feeder may inhibit or enhance the fluctuations of p 1 . (3) The micro-scale instability of p 1 fluctuations may be regarded as a dynamic response of the coupling between two successive effects, i.e., the particle bed agitated by a downward drafted gas stream and the growth of particle cloud to form a plug in a vertical pipe. (4) The dominant frequency of p 2 and Δp 21 fluctuations are the same for each run in the plug flow regime, which demonstrate the spreading of macro-scale pressure fluctuations due to plug motion in the riser. For the three particle diameters respectively, the dominant frequency of Δp 21 fluctuations increases linearly with u g , even with different relative entrainment height. It should be pointed out that, further characterization of the flow instabilities in the dense-phase gas-solid flow of coarse particles are needed. Furthermore, detailed analysis of the mechanisms for the micro-scale instabilities in the complex dense-phase gas-solid flow of coarse particles should be the future work.
